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Abstract
Depth can be seen using either linear (first-order) or non-linear (second-order) stereo micropatterns when, in the latter, contrast
envelopes contain the disparity information. We examined whether a second-order mechanism can contribute to the perception
of 3-D surface shape. Using a variety of different stimulus types, we show that for each, shape is easy to see with linear stimuli.
Over a wide range of parameters however, none of our observers perceived shape, however faintly, from the non-linear stimuli.
To explore why these elements failed, we simplified our stimulus to a step-edge in depth and measured performance while varying
the number of elements. We show how performance declined when more than two non-linear elements were used. We discuss
reasons for the limitation found for non-matching elements, including a dissociation for stereopsis between seeing surface shape
and depth. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
A relatively new division of stereopsis with purported
links to the underlying physiology has been proposed:
linear and non-linear (or first-order and second-order
stereopsis). For the linear stereoscopic mechanism, each
location in the visual field is modelled as a bank of
linear filters, each tuned to a different luminance spatial
frequency. This linear mechanism however will not
detect all stimulus components. It will miss ‘non-
Fourier’ features. One example is when an object’s
boundary is defined by contrast. It has been suggested
that, in that case, to match the contrast envelopes
presented at a disparity between the two eyes’ views, it
is first necessary that the envelope be extracted (e.g. by
rectification), an essentially non-linear operation (Hess
& Wilcox, 1994). This dichotomy is analogous to one in
motion perception (among others, Chubb & Sperling,
1988; Zhou & Baker, 1993).
The existence of a non-linear stereo mechanism rests
on an assortment of evidence. Some of this evidence
may be amenable to an explanation within the current
linear framework (i.e. Liu, Tyler, Schor & Ramachan-
dran, 1992; but see Wilcox & Hess, 1996). Other evi-
dence (Sato & Nishida, 1993; Wilcox & Hess, 1993;
Fleet & Langley, 1994; Hess & Wilcox, 1994; Sato &
Nishida, 1994; Lin & Wilson, 1995; Wilcox & Hess,
1995, 1996; Kovaks & Feher, 1997) however suggests
the notion of a separate (but also see Lin & Wilson,
1995) non-linear mechanism.
These previous findings were typically derived from
experiments where observers judged whether a single
element was nearer or farther from the point of fixation
(near:far task; Ogle, 1952; Westheimer & Tanzman,
1956; Mitchell, 1969). Another important property of
stereopsis, however, is the perception of 3-D surface
shape (Julesz, 1971; Rogers & Graham, 1983). Demon-
strations of this property are most compelling when a
particular shape appears in a stereogram that is invisi-
ble monocularly (for example, a block, spiral, face, etc.
Julesz, 1971). Stereo shape perception characteristically
allows depth to be experienced along a continuum even
between the image’s constituent elements (‘interpola-
tion’, Yang & Blake, 1995).
Given the significance of the perception of surface
shape to theories of stereopsis, what has previously
been unclear and is addressed in this study is what
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contribution it receives from second-order mechanisms.
The challenge was how to distinguish between effects of
binocular correspondence between envelopes from ef-
fects due to matching of the first-order components of
those envelopes. For example, other researchers have
reported stereo shape using elements that were entirely
light in one eye’s view and entirely dark in the other.
Although such elements provide an envelope for sec-
ond-order matching, they also provide a significant
stimulus to the first-order mechanism (discussed follow-
ing Experiment 1).
Instead, to identify potential non-linear contributions
to shape-from-depth processing, we used in Experiment
1 a variety of second-order micropatterns that allowed
us to minimise the contribution of linear mechanisms.
We also used contrast-modulated gratings, as well as
stimuli that avoided a conflict between first- and sec-
ond-order cues and were ecologically valid. In Experi-
ment 2, we went on to explore in a systematic manner
the limitations of non-linear stimuli for perceiving
depth. This was done in order to gain a better under-
standing of the results of Experiment 1.
2. Experiment 1
Linear stereoscopic stimuli, where the eyes see identi-
cal elements, have been shown to provide a compelling
3-D percept of a surface corrugated in depth when a
sinusoidal pattern of disparity-modulation is introduced
into a random array of dots (Rogers & Graham, 1983).
Using arrays of Gabor micropatterns, surface shape
perception is robust under a variety of conditions in-
cluding different carrier frequencies, envelope sizes,
densities and modulation frequencies (Hess, Ziegler &
Kingdom, 1997; Hess, Kingdom & Ziegler, 1998). As in
that study, we used an objective1 measure of cyclopean
shape perception that required observers to discrimi-
nate between left or right oblique orientations of an
otherwise identical corrugated cyclopean surface. These
surfaces were defined by spatially bandpass micropat-
terns. Unlike our earlier study we designed these new
micropatterns to differentially stimulate linear and non-
linear mechanisms.
3. Methods
3.1. Subjects
Observers included the two authors and a colleague,
as well as a paid participant who was not informed as
to the purpose of the experiment. Two additional ob-
servers reported on surface demonstrations. All had
normal or corrected-normal visual acuity and normal
stereopsis and had participated in previous stereo ex-
periments.
3.2. Apparatus
We used both a video projector and a computer
monitor, allowing us to explore a wide range of
parameters. The multisync projector (Electrohome
4100), capable of 120 Hz vertically, back-projected onto
a paper-on-Plexiglas screen (Crist & Robinson, 1989)
and was provided images generated with a computer
(Silicon Graphics, Indigo2 XL). The same programs
were modified to run on another computer (SGI O2)
and displayed on its monitor (Sony GDM-20E21).
With both sets of equipment, observers wore LCD
shutter-glasses (StereoGraphics ‘CrystalEyes’) synchro-
nised to the alternating stereo half-images, so each eye
saw images at 60 Hz. The luminance linearity of each
display2 was confirmed photometrically through the
glasses.
3.3. Viewing conditions
Both displays had image resolutions of 10241280
pixels (HW). With the projector, observers sat in a
dark room at a viewing distance of 114 cm where the
raster subtended 5057° (HW). The monitor was
viewed under low background illumination at a dis-
tance of 57 cm (2836°). Measured through a single
shutter-glass lens, the mean luminance levels for the
projector and monitor were 1.2 and 6.0 cd:m2, respec-
tively.
3.4. Stimuli-micropatterns
Each stereo half-image consisted of a random array
of micropatterns. We chose specific types of micropat-
terns to allow manipulation of the binocular correspon-
dence of both their envelopes as well as the luminance
(first-order) contents of those envelopes: either match-
ing (linear plus non-linear stimulus) or non-matching
(non-linear only).
For generality, these micropatterns were of two
types: random-line micropatterns, as in Fig. 1(a), or
Gabor patterns (Graham, 1989) (‘Gabors’) as in Fig.
1(b). Both had Gaussian envelopes. The random-line
micropatterns consisted of vertical lines one pixel wide
assigned random grey levels. Their spectra were
broader than those of the Gabors.
Both types of patterns were ‘microbalanced’ (in anal-
ogy with apparent-motion stimuli, Chubb & Sperling,
1 For each trial the pattern of disparities used to simulate a 3-D
surface defined the response as either correct or incorrect.
2 The RMS between the measured luminance of the monitor and
the best-fit over the full luminance range was B0.04 cd:m2.
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1988) to avoid first-order components at the scale of the
envelope. To do so, the Gabors were in sine phase.
Microbalancing the random-line elements for no d.c.
component required a special computer algorithm. The
grey-levels in the right half were first assigned a random
set of equal steps in luminance above and below back-
ground. The levels in the left were assigned those of the
right, except luminance-reversed about the background
level, as well as mirror-reversed in location about the
central vertical axis. Finally, the entire pattern was
multiplied by the Gaussian envelope.
For both these micropattern types, Michelson con-
trast was 0.33. Both were the same size, their Gaussian
envelopes having a standard deviation (s) of 0.715°,
chosen so that one cycle appeared in the low frequency
Gabor.
For both types of micropattern, each eye saw identi-
cal elements in the matching case. For the non-match-
ing random-line patterns, a set of 128 interocular pairs
was pre-generated and chosen at random. To be sure
that these contained no accidental correlation, we only
kept pairs that were uncorrelated with r B0.07, below
the threshold reported for detecting interocular correla-
tion in similar patterns (Cormack, Stevenson & Schor,
1991). The Gabor stereo pairs were made non-matching
by a difference in carrier spatial frequency of two
octaves (0.42 and 1.68 cpd) to provide no input to the
first-order mechanism (their cross-correlation function
is flat). This eye-frequency relationship was ran-
domised.
In order to provide very small changes in disparity
for the modulation in the surface-demonstration and
stereoacuity tasks, the luminance levels were assigned
with subpixel accuracy, in principal to 1:128 of a pixel.
This allowed for disparities as small as a few arcsec-
onds.
3.5. Stimuli-stereograms
Each stimulus array was created carefully using a
buffering technique that prevented apparent occlusion.
That is, all elements appeared with equal transparency
and there was no effect of plotting order. Each element
maintained an average luminance equal to the grey
background and artefacts, such as visible patch edges,
were avoided.
Disparity was modulated sinusoidally at a frequency
of 0.04 cpd. This provided 2.9 cycles of the corrugation
pattern oriented diagonally corner-to-corner. The phase
of the modulation was randomised to insure that ob-
servers actually judged the 3-D shape, i.e. so that they
could not base their judgements simply on the depth at
a single location. Maximum stimulus duration was 1 s
followed by a 1–2 s interval.
3.6. Procedure
Observers used the mouse buttons to report the
orientation of the perceived corrugation, left or right
from vertical. Disparity amplitude was set initially at 10
min and adjusted automatically by a conventional stair-
case procedure, i.e. decreased after two correct re-
sponses in a row and increased after every incorrect
response, each by 25%. The procedure terminated auto-
matically after 12 reversals.
Fig. 1. Miniature examples of stimuli used in Experiment 1 for the
first-order (linear) mechanism (not drawn to scale). Cyclopean surface
shape was seen with: (a) random-line micropatterns with their lumi-
nance levels correlated; (b) Gabors with the same carrier frequency in
both eyes; (c) luminance sine gratings containing the disparity-modu-
lation; and (d) Gaussian ‘holes’ of contrast-enhancement with dispar-
ity equal to one period of the grating. All disparity-modulation is
sinusoidal except (d), a step-edge.
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Fig. 2. Examples of stimuli in Experiment 1 for the second-order
(non-linear) mechanism. Observers could not see surface shape with:
(a) Uncorrelated random-line micropatterns; (b) Gabor pairs with
widely separated carrier frequencies; (c) Contrast-modulated gratings
with the contrast envelope containing the disparity information; and
(d) Gaussian ‘holes’ with disparity half the grating period.
tributes something to shape perception, nevertheless
our staircases failed? To be sure, we collected fre-
quency-of-seeing data for the same stimulus and judge-
ments of the surface-orientation, but at two disparities
chosen to be just above, and well above, the thresholds
estimated from the staircases for the linear case (100
and 1000 s). We used the monitor display with 200
Gabors. The 32 or 64 trials:condition were trivially easy
with the matching micropatterns. With the non-match-
ing micropatterns however, results were not above
chance, as summarised in Table 1(a), indicating no
input to surface shape perception.
Conducting similar experiments over all possible
combinations of parameters would have been in-
tractable. We did explore the parameter space however
as thoroughly as practical, with these as well as other
stimuli (below), using demonstration computer pro-
grams written to make it easy for each observer to seek
a condition where surface shape was perceptible using
non-matching patterns. A menu at the bottom of the
display allowed rapid adjustment of parameters such as
disparity, modulation frequency, density, etc. as listed
in Table 2(a). The display could be changed directly
from matching to non-matching patterns, while element
locations and all other parameters remained constant.
The observers saw stimuli displayed on the monitor, the
projector, or both. Examples of these stimuli appear in
Fig. 1 (a, b) (matching) and Fig. 2 (a, b) (non-match-
ing).
All observers perceived the modulation with match-
ing patterns. They reported the perception of a corru-
gated surface with smooth interpolation between
elements and robust shape over a wide range of
parameters. The parameter range tested is given in
Table 2(a). All observers however found that shape
always disappeared when the program was switched to
non-matching mode. Then none of the observers were
able to find a combination of parameters where they
saw surface shape, even vaguely.
This inability of the non-linear mechanism to support
cyclopean shape is surprising since there is now ample
evidence that it can contribute to the depth of single
targets in a near:far task (Liu et al., 1992; Sato &
Nishida, 1993; Wilcox & Hess, 1993; Fleet & Langley,
1994; Hess & Wilcox, 1994; Sato & Nishida, 1994; Lin
& Wilson, 1995; Wilcox & Hess, 1995). This occurs well
within the range normally associated with stable shape
perception (Pulliam, 1982).
In relation to surface shape from envelope or carrier
disparity, we questioned whether shape-from-depth
processing was unable to use non-matching elements
because conflicting signals from early linear filters
masked the contribution of the non-linear mechanism.
For example, although with random-line micropatterns
overall interocular correlation can be very small, there
nevertheless may have been local patches of correlation
4. Results and discussion
The results for the matching micropatterns, both the
Gabors and the random-line patterns, were predictable
in that the staircases successfully converged to
thresholds. None of our observers however could see
any surface shapes defined with either type of non-
matching stimuli (Ziegler & Hess, 1997a,b). They re-
ported that they were guessing. This is reflected by the
failure of the staircases, based upon their surface-orien-
tation judgements, to converge to threshold (Fig. 3).
Is it possible that the non-linear mechanism con-
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Table 1
Shape discrimination performance at fixed disparities for matching and non-matching micropatterns
Disparity (arcsec) Gabor type Disparity in observers
SF (%)FK (%)LZ (%)RH (%)
(a)
100100 951001000 Matching
34 56Non-matching 38 56
100 100100 Matching 100 100
4447 5554Non-matching
(b)
10094100540 Carrier
53 50Envelope 50
100 100Both 100
100 100100100 Carrier
53 50 56Envelope
100 100Both 100
97 100100At threshold* Carrier
34Envelope 56 50
10088100Both
(a) Frequency of seeing surface shape also indicates no contribution from the non-linear mechanism. Density, 600 Gabors; contrast, 25%;
sinusoidal modulation; maximum stimulus duration 4 s.
(b) Frequency of seeing when disparity is in the carrier, envelope, or both. Standard errors are all B1%.
* Approximated from the staircases, 30 s for RH and FK, 50 s for LZ.
producing random depth signals conflicting with those
provided by the envelope.
One way to minimise the possibility of these effects is
to confine the disparity to the envelope of the Gabors
and set the carriers at zero disparity. This type of
stimulus was recently used to support a role for non-
linear processes in shape perception (Wilcox, 1997, and
personal communication). To assess this claim we used
the same stimulus parameters for the Gabors as de-
scribed by Wilcox (1997). Relative to the Gabors that
we had used in our previous task, these had smaller
envelopes (s0.283°) and higher carrier frequencies
(3.5 cpd, contrast 0.25, three cycles visible). Viewing the
monitor, two observers used our staircase procedure to
establish a stereoacuity threshold for perceiving the
surface shape when the disparity was contained only in
the envelope, only in the carrier, or in both. Corruga-
tion frequency was 0.14 cpd and display time was 4 s.
Otherwise the stimuli and procedure were as those
described previously.
For both observers, the staircase yielded stable
thresholds with both the carrier-only and carrier-plus-
envelope conditions. When disparity was defined only
by the envelope however, no surface was perceived.
Consequently, the staircase failed to converge, as
shown in Fig. 4(a). The procedure was repeated for
observer RH at other corrugation frequencies, half and
twice the first, with similar results, as shown in Fig.
4(b). Frequency-of-seeing was also measured at dispari-
ties at threshold and at 100 and 540 s, shown in Table
1(b). This also indicates no contribution to shape per-
ception from the envelopes.
We again explored a wide range of parameters listed
in Table 2(a). The program could be switched immedi-
ately from Gabors having disparity in their carriers
(linear information) and envelopes to the envelope-only
condition (purely non-linear information). In particu-
lar, we varied carrier frequency and envelope size. In no
case could disparity in the envelopes alone provide the
percept, however faint, of a corrugation.
With this type of stimulus however, one must be
cautious that shape perception is not due to an intro-
duction of linear components. It is possible that by
keeping the carrier at fixation and shifting the envelope
one can provide a linear stimulus. Specifically, these
stereo pairs are identical to linear ones when their
disparity equals an integral multiple of the carrier pe-
riod (discussed more below).
Why were we not able to replicate Wilcox’s results?
Our task was different in that the orientation of corru-
gations was used as the criterion to insure that surface
shape was perceived. Wilcox (1997) required observers
to choose between one stimulus that had the disparities
of the Gabors distributed at random (‘non-surface’)
and one where the disparities varied sinusoidally (‘sur-
face’). With such a task, observers may have based their
decisions on something other than surface shape.
Using our demonstration program however, a mod-
ification was made that proved insightful. In some
conditions when both the carrier and the envelope were
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Table 2
Range of parameters explored (see text)
First order surface? Second order surface?Stimulus parameter Tested parameter range
(a) Gabors and random-line micropatterns
\12 000 YesDensity (number of elements) No
Yes0.15–0.84°Gabor width (s) No
NoYesGabor carrier frequency 0.15–4.0 cpd
0.02–0.27 cpd YesDisparity-modulation frequency No
NoYesDisparity 51.1°
(b) Grating and contrast-hole stimuli
NoYesCarrier frequency 0.15–7.1 cpd
(for 2–20 carrier cycles:envelope) —Contrast-modulation frequency No
10–100% —Contrast-modulation depth No
NoYesDisparity-modulation frequency 0.63–1.43 cpd
Yes NoDisparity 50.40°
Shape was seen with interocularly matching elements over this parameter space, but the shape disappeared when the program was switched to
non-linear mode (applicable parameters—see text).
assigned a disparity of precisely one-half the carrier
cycle (180° out of phase), square-wave disparity-modu-
lation of the Gabors produced a stimulus with almost
complete rivalry. Instead of yielding to fusion and
providing depth, the carriers appeared stuck ‘sitting on
the fence’ at the ambiguous half-cycle position. Neither
depth nor shape was then perceived. One might expect
that if second-order components had contributed they
could have resolved the ambiguity of the antiphase
carriers and allowed for shape perception.
Other types of uncorrelated elements have been pre-
viously reported to provide some shape perception.
Cogan, Lomakin and Rossi (1993) used dots that could
be luminance-reversed, i.e. a black dot for one eye
corresponding to a white dot for the other. They re-
ported results from a task where observers made quali-
tative judgements of the depth of a disparate central
square portion of an array of dots. Their results gener-
ally support the ‘same-sign rule’ (review in Howard &
Rogers, 1995) i.e. matching between first-order compo-
nents is required.
From their results, Cogan et al. (1993) suggest some
other mechanism may be responsible for depth from
luminance-reversed elements at low densities (1 and 2%,
or :17 and 35 target dots within their 6868 array of
bright, dark or grey dots). Their method however does
not isolate a non-luminance-based mechanism. Indeed
they cite earlier explanations of depth from luminance-
reversal, as due to matching between those sides oppo-
site to the corresponding sides of the elements (the
nearest edges with the same polarity, i.e. the same-sign
rule). This is no problem at low densities when those
edges generally have the greatest likelihood of being the
closest same-sign match. As density is increased how-
ever, random false matches become more frequent,
masking the assigned disparity information. Thus, the
results of Cogan et al. (1993) are consistent with ours at
high densities, but do not bear upon our results at low
densities.
4.1. Contrast-modulated gratings
We wanted to insure that the lack of a contribution
of the non-linear mechanism to shape perception found
in our previous experiments was not solely because the
surfaces were defined by randomly distributed elements.
We now present evidence using luminance gratings
whose patterns of contrast-modulation contain the dis-
parity information for shape. This had the additional
benefit that the relation between carrier and contrast-
modulation envelope could be adjusted in unison
throughout the display.
Our demonstration program operated in two modes.
When in linear mode the monitor displayed an 8.5
10° (HW) sinusoidal luminance grating at 100%
contrast. The grating was disparity-modulated sinu-
soidally, similar to the stimuli used by Pulliam (1982),
except in an oblique orientation. In non-linear mode
however, the grating remained at fixation but its con-
trast was sinusoidally modulated (at a contrast-modula-
tion frequency). By analogy to the linear stimuli, the
modulation of the contrast was itself disparity modu-
lated. The disparity-modulation was sinusoidal and in
an oblique orientation. To best illustrate the differences
between these linear and non-linear stimuli, in our
examples we have set the frequency of the carrier in the
linear example in Fig. 1(c) equal to the frequency of the
contrast-modulation in the non-linear example in Fig.
2(c).
We would begin with perceiving shape in the linear
mode. The program could be switched instantly to
non-linear mode, when the contrast-modulation fre-
quency was given the same value as previously assigned
to the luminance grating. That is, the non-linear stimu-
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Fig. 3. In Experiment 1, observers could discriminate between orientations of a corrugated surface made of either matching random-line
micropatterns (left) or matching Gabors (right), as indicated by the staircase procedures converging to thresholds (continuous lines). When either
type of element was non-matching, however, the staircase procedure failed to converge (broken lines).
lus was presented at the same scale. The new carrier
was assigned a value so that there were three cycles in
each contrast envelope, but subsequently could be ad-
justed independently, and we tested up to 20 cycles:en-
velope.
As in the previous experiments, we made a systematic
search of the parameter space. In linear mode the
program produced a display with a visible corrugation
pattern over a large range of parameters, listed in Table
2(b). For each observer, the pattern disappeared when
the display was switched to non-linear mode. In partic-
ular, to confirm that scale was not a factor we used the
highest visible carrier frequency and the highest possi-
ble contrast-modulation frequency, then reduced the
frequency of each.
4.2. Shape from contrast-defined holes?
Finally we sought an ecological context where sec-
ond-order components could be useful for providing
shape, yet where there would be less conflict between
first-order and (potential) second-order cues. To con-
sider this, imagine a scene where a flat, textured surface
is viewed only through a nearer, translucent surface
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having a particular 3-D shape. The textured surface is
seen at low contrast because the closer surface has some
opacity. The near surface contains holes through which
the textured surface is seen at a higher contrast. When
the disparity of those holes (contrast envelopes) pro-
vides the only cue for the shape of the nearer surface,
would such a stimulus actually provide shape?
This new stimulus was created using a vertical, sinu-
soidal luminance-grating within a square window pre-
sented at fixation. The window was smaller than the
screen for a better solution to the global correspon-
dence of the grating at the fixation plane. This back-
ground was modified by a random array of elements so
that, under each, the contrast of the luminance grating
varied according to a Gaussian envelope. That is, for
each ‘hole’ the contrast was maximum in the centre and
tapered to that of the background at its edges. These
envelopes could be presented at different disparities.
Examples with square-wave disparity-modulation ap-
pear in Fig. 1(d) and 2(d).
The amount of contrast-modulation could be varied
and was set always in an inverse relation to the back-
ground. When it was 100%, for example, no back-
ground appeared (the elements would then be similar to
our envelope-disparity-only Gabors except their carriers
had an identical phase relationship). As contrast was
reduced to 0%, the holes dissolve into the background,
that then held the maximum contrast.
With this program in non-linear mode our observers
never saw shape that could be attributed to contrast
envelopes. We were able to define three conditions
where shape was perceived (other than those due to
hardware non-linearities) that might be attributed to
non-linear stereopsis by mistake. First, linear compo-
nents could be introduced due to pixelation, when
frequencies are high relative to the display resolution.
Secondly, when a Gabor’s envelope contains less than
two carrier cycles near cosine phase, it has a d.c.
component. That this was the reason shape could be
seen was demonstrated by varying the phase relation-
ship between the carrier and contrast envelopes, to
move them to a luminance-balanced (sine phase) condi-
tion. Whenever shape was perceived from the non-lin-
ear stimuli it would always disappear when we varied
phase. That should not have occurred if shape de-
pended on the envelopes.
A third situation where shape appears to come from
‘envelope-only disparity’ is when stereopsis has a type
of ‘aperture problem’. When the disparity is near an
integral multiple of the period of the carrier—or
‘jumps’ a complete cycle—each eye’s view is indistin-
guishable from the case where both the envelope and
the carrier contained the disparity. Since these elements
are matching, under some conditions (first-order infor-
mation in the low spatial frequency range) shape ap-
pears. The shape however was not direct, but was
realised only after lengthy inspection time and signifi-
cant vergence eye-movements. It was only built up by
looking back and forth between elements at different
depths.
To illustrate this last situation, in Fig. 1(d) we used a
square wave of disparity-modulation so that all dispari-
ties have the same magnitude. We set it equal to the full
period of the luminance grating and a step-edge ap-
peared. Even this became very difficult to see, requiring
more inspection time, when the size of the Gabor
relative to its carrier period (s:l) allowed more than
three carrier cycles to be visible (thus reducing its low
spatial frequency content). Also, when the disparity is
equal to half the grating period, the edge cannot be
seen. An example of this appears in Fig. 2(d)3.
This stimulus was also produced with disparity-mod-
ulation for what was considered a natural surface
shape, designed to mimic a smoothly protruding surface
in front of a grating. Then, the disparity-modulation-
function of the contrast ‘holes’ was a Gaussian (9
2.35s over the image horizontally) with all crossed
disparities. If the visual system could match contrast
envelopes to provide cyclopean shape, we expected it to
appear in this stimulus. The parameter space described
in Table 2 was carefully searched yet a cyclopean shape
attributable to the envelopes, however faint, never ap-
peared. An example of this stimulus appears in Fig. 5.
Fig. 4. (a) In Experiment 1, staircases converged to thresholds when
disparities were between both carriers and envelopes (continuous
line). But shape could not be seen using Gabors with disparities only
between envelopes, as indicated by the staircases failing to converge
(broken lines). (Another broken line near a continuous line is for
disparity in the carriers alone.) (b) At half and twice the previous
corrugation frequency observer RH repeated the task with the same
results.
3 Although the shape may appear due to non-linearities introduced
during reproduction of this figure.
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Fig. 5. On the monitor screen, shape could not be seen with this
stimulus, even though shape information is contained in the contrast
envelopes (half-cycle maximum disparity). This stimulus was designed
to be ecologically valid and to minimise conflict between first- and
second-order cues. (The shape may appear in reproductions however
as linear components may be introduced.)
types and parameters and found no evidence that sec-
ond-order stereopsis contributes to global shape percep-
tion. On the other hand, such stimuli can contribute to
depth perception robustly in tasks where a single target
is judged near or far of fixation. Why is depth perceived
well with one non-matching element, while shape from
many similar elements is not?
There were a number of obvious possibilities. Our
sinusoidal surfaces were composed of many elements
and multiple depths. We sought to simplify these. We
confined our investigation to just two depth values, i.e.
a step-edge. We then systematically tested the effect of
the number of elements. In so doing we could examine
the transition from one element to a few elements
defining the most elementary surface shape. Most im-
portantly, for conditions of three and more elements,
we introduced a random vertical component to the
step-edge so that the task could not be accomplished by
perception of the depths of one or two elements alone,
without the perception of the overall 3-D surface shape.
5.1. Stimulus
We used the same Gabors as in the previous experi-
ments ( f0.42 cpd for matching, 0.42 and 1.68 cpd for
non-matching, s0.715°) and varied the number (1, 2,
3, 8 or 25). Examples appear in Fig. 6 (matching) and
Fig. 7 (non-matching) (a–c). Contrast was 0.33 for FK
and 0.63 for RH. Stimulus duration was 145 ms, too
brief for involvement of eye-movement strategies
(Rashbass & Westheimer, 1961; Stevenson, Cormack &
Schor, 1994). Disparity magnitude was always 1°. This
value was chosen because it is on the order of the
magnitude of the envelope and gave good performance
in the surface perception task. The 25 Gabors were
distributed at random over the monitor screen (Figs. 6
and 7(c)). In the other cases, they were distributed at
equal vertical intervals (3.1°) in a single column above
and below mid-screen fixation before being indepen-
dently jittered 1° horizontally. For odd numbers of
elements there was one more above than below fixation.
The sign of the disparity, crossed or uncrossed, was
assigned to the elements in the top of the screen inde-
pendently of those in the bottom, for two simultaneous
depth values. Most importantly, for the cases of three
and eight elements, we introduced a vertical jitter to the
boundary of the step-edge. That is, the Gabor immedi-
ately above mid-screen was assigned a crossed or un-
crossed disparity at random, independently of the other
elements. Thus, the position of the step-edge, as defined
by the disparities of the elements, varied by a distance
about equal to the height of one element.
5.2. Apparatus
The monitor was used for the remaining tasks.
So even with an ecologically valid stimulus, contrast
envelopes do not contribute to stereo shape perception.
5. Experiment 2
We explored, in Experiment 1, a number of stimulus
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5.3. Procedure
First, observers reported the depth of a single ele-
ment as near (N) or far (F) of fixation. In subsequent
tasks, observers chose between four alternatives (4
AFC: NN, FF, NF, FN). From 32 to 128 trials were
collected for each condition.
5.4. Results
The important point about this experiment is that
with only one micropattern, regardless of whether it
was linear or non-linear, performance was identical. In
Fig. 7. Examples of second-order stimuli used in Experiment 2.
Fig. 6. Miniature examples of first-order stimuli used in Experiment
2: (a–c) For the first task, judging the depth independently at the top
and bottom of an array. (d) For the second task, judging the
orientation of an oblique step-edge in a dense random array.
changing the number of elements, with the element
parameters unchanged, we were assessing whether more
elements per se disrupt performance for the non-linear
mechanism. The pattern of results was similar for both
observers (Fig. 8). With matching elements, perfor-
mance dropped slightly as the number of elements
increase from one to eight, then rose slightly with 25.
With non-matching elements however, performance
dropped much more sharply when going from two to
three elements and remained near 50% with eight or 25
elements (Ziegler & Hess, 1998).
Though poor, this performance with more than two
non-matching Gabors was significantly above the pure
chance level for four AFC procedures of 25%. Did this
indicate that the single disparity step defined by these
stimuli was almost detectable and might allow surface
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Fig. 8. In Experiment 2 increasing the number of elements had little effect using matching elements, but caused a sharp drop in performance with
three non-matching elements (The largest of the 95% confidence intervals is shown). Depth was still possible however with more non-matching
elements in a near:far control task (broken line—see text).
shape to be perceived under the most favourable condi-
tions? This appeared unlikely since some of the above-
chance performance could be explained by the
observer’s particular strategy. That is, if an observer’s
judgements were based on the perceived depth of the
single element below the jittered boundary, then ex-
pected performance would be 50%. This is consistent
with our findings in the one element case.
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Table 3
Performances on a control task where depth was reported for each of three non-matching elements in a triangular arrangement
Condition 6°2°Observer
SE (n) % Correct% Correct SE (n)
3 (16) 2 (16)8175Matching LZ
81 2 (16) 50 2 (32)RH
2 (16)94100 0 (16)FK
12 2 (16)Non-matching LZ 19 2 (16)
9 1 (32)RH 19 2 (16)
2 (32) 44FK 56 2 (32)
Two spatial scales were used (2 or 6° from fixation).
None of these scores are significantly above chance (12.5%) except for observer FK. If an observer attended to two of the elements and could
judge their depths, however, then 50% correct would be expected.
The data indicate that two depths could be perceived
with the non-matching elements, as it can with matching
elements that are diplopic (Ziegler & Hess, 1997b).
Pooling the data for the two element case into two
conditions of same and different signs of depth, we
found no consistent difference in performance. This
suggests that the relative disparity between the elements
was not an important factor.
Could these results be due merely to our randomising
the vertical location of the step-edge? This jitter by one
element for the cases of three and eight elements was
included in both the linear and non-linear trials to
prevent observers from basing their judgements only on
the depth of those elements nearest fixation. If the
edge’s positional uncertainty alone had caused the dete-
rioration in performance then one would expect a simi-
lar effect with the linear elements. In that case however,
the task became only slightly more difficult. The dra-
matic decrease in performance that occurred in the
non-matching case cannot be attributed to the jitter but
rather indicates a general lack of support for the edge
structure.
It could be argued however, that the failure with more
than two elements might be explained if the second-or-
der system were very sensitive to crowding (He, Ca-
vanagh & Intriligator, 1996; review in Howard &
Rogers, 1995). Thus, we examined whether the depths
of three elements could be perceived individually when
their spacing was increased. We modified our three
element tasks for otherwise identical conditions, except
the elements were arranged in a triangular pattern (120°
apart) with each 2° from fixation (starting at the 3
o’clock position). In a trial, observers reported the
depth near or far for each element (8AFC). None of the
three observers tested (RH, LZ, and RK) could perform
this task significantly well to indicate that they could tell
the depth of each of the non-matching elements (Table
3). The experiment was repeated with each element 5.7°
from fixation with similar results. One of the observers
(FK) could perform the task at :50% correct at both
spacings, consistent with an ability to distinguish the
depth of only two of the elements.
In another control experiment, we tested whether the
reason that shape cannot be seen with non-linear ele-
ments is because of a breakdown at an even earlier
stage. Could increasing their density cause non-linear
elements to fail to provide depth, much less shape? To
test this hypothesis we ran a separate 2AFC near:far
task with the same non-linear elements arranged in the
same way as in the main experiment, except all had the
same disparity on each trial. The results indicate that
depth was seen well past the point where shape fails
(broken lines, Fig. 8).
We also wanted more assurance that we were not
missing some stimulus conditions, as well as to gener-
alise the above findings to an orientation task for a
more densely populated surface, one that was more
comparable to our previous corrugation stimuli. So we
assessed the ability to do a shape task using our simple
disparity edge and 200 pairs of the same Gabors.
Observers were required to judge the orientation of the
(monocularly invisible) edge that ran diagonally
through the centre of the monitor screen. Examples of
these stimuli appear in Figs. 6 and 7(d). A complete
range of disparities was used, with an exposure time of
340 ms.
Matching Gabors gave excellent performance (Fig. 9,
top) declining only as disparity approached dmax (\1°
for both observers). However, at all disparities tested,
non-matching elements gave only chance performance,
as in the previous experiments.
This task was more difficult with shorter exposures,
such as the 145 ms used in the other tasks. To establish
whether this difference was responsible for those results,
a set of trials was repeated over the same range of
disparities for observer RH using a stimulus duration of
145 ms. Again no evidence for shape perception was
found (Fig. 9, bottom left). FK’s performance was
similar at a disparity of 1°, so was only tested at that
level. Also shown are results for RH using an even
briefer duration (70 ms).
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Fig. 9. (Top) Over a range of disparities, until dmax was approached, the orientation of a step function in depth was perceived with matching
elements but never with non-matching elements (200 Gabor pairs, duration 430 ms). (Bottom) Neither reducing stimulus duration to 145 ms or
70 ms (left), nor reducing the number of elements to 100 (right), improved performance with non-matching elements. Filled symbols, matching.
Open symbols, non-matching. Diamonds, RH. Circles FK.
Also, to assess performance at a mid-range of den-
sity, we repeated the original conditions except for
halving the density (100 elements). This also resulted in
no shape from non-matching patterns (Fig. 9, bottom
right). Also with this task RH, using a very low density
(50 elements) with 70 ms exposures at 15 min disparity,
could do well above chance (84%) with matching but
not non-matching elements (34%).
We further strengthened our results with a com-
pletely different paradigm, a ‘pattern’ task. This in-
volved two stimulus intervals (2IFC) and observers had
to discriminate between two shapes: a ‘bar’ or an ‘edge’
in depth, each oriented horizontally. This task placed
severe demands on shape recognition, since the differ-
ence between these two stimuli lies only in their phase
spectrum. Because the location of the bar (edge) was
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Fig. 10. Results of a ‘pattern’ task that required discriminating between a bar and an edge in depth, for matching (filled symbols) and
non-matching elements (open symbols). Circles, LZ. Diamonds, RH. Observer FK (squares) was asked to perform the experiment only at one
disparity (See text for discussion).
randomised, the task could not be performed based on
local depth estimates.
The experimental conditions and stimulus elements,
except as described, were the same as previously4. Each
element was randomly placed in a cell, with the cells
arranged in a grid eight columns wide by six rows high.
For a bar, the disparity of all elements in one row were
of opposite sign than the others and for an edge, all
above that row were opposite. The vertical location of
this bar (edge) was jittered for each trial by 91 row,
while stimulus duration and ISI were each 145 ms. The
results provide further evidence that surface shape is
not supported by non-matching elements (Fig. 10).
6. General discussion
To summarise our findings regarding putative inputs
to the perception of surface shape by a non-linear
(contrast envelope extracting) stereo mechanism, we
searched the parameter space, including low frequency
corrugations defined by sparse element arrays across a
wide range of carrier frequencies, envelope sizes, densi-
ties and disparities. We used a number of stimulus types
seeking any evidence for a role for non-matching ele-
ments. If one accepts that surface shape perception is
something more than seeing the depth of two isolated
elements, we found contrast envelopes do not con-
tribute to shape perception.
Furthermore, using Gabor patterns with disparity
only between their envelopes, we found that the reason
surface shape is not supported by the non-linear mech-
anism is not because of binocular rivalry or because of
disruption by contradictory information from the linear
mechanism. Finally we used gratings to confirm that
this was not simply due to scale or other parameters,
while taking care to distinguish between linear artefacts
and non-linear effects. We found no combination of
carrier period and envelope size that affords the percept
of surface shape, however slight, from non-linear stim-
uli. This was true even with stimuli that were ecological
valid and that would be expected to demonstrate any
non-linear contribution.
In order to understand why observers could not
perceive any sinusoidal surface shape defined by non-
linear elements, we set out to simplify our stimuli and
our task. We simplified our stimuli by using a step-edge
having only two depth values. We simplified our task to
one of depth polarity, rather than orientation, so it was
more like the near:far task where linear and non-linear
performances were equated.
We found that stereo elements with non-matching or
uncorrelated texture contribute significantly to judge-
ments of depth in near:far tasks. This supports previous
findings (Mitchell, 1969; Kaye, 1978; Hess & Wilcox,
1994; Wilcox & Hess, 1995, 1996; Ziegler & Hess,4 Except we used a higher contrast of 0.63.
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1997a). Furthermore we found that within that dispar-
ity range, non-matching patterns can signal more than
one depth estimate, which is inconsistent with a role
exclusively associated with vergence drive (Ziegler &
Hess, 1997b). We showed that it is the number of
elements that is important, since non-linear perfor-
mance is poor with more than two, regardless of
whether the task requires seeing a depth edge, or merely
judging the depth of each element independently. We
also showed that this is not a consequence of crowding.
Our results allow us to address a number of possible
reasons why our original sinusoidal shape task failed. It
could not have been due to the low resolution of the
non-linear system, since subsequently we used a step-
edge. It could not have been due to the density of our
element arrays nor stimulus duration, since we varied
both over a wide range. It could not have been that
non-linear mechanisms only work in the fovea nor only
in the periphery because our edge ran across the field
and through field-centre. Nor was it caused by a differ-
ence in disparity gradient (Burt & Julesz, 1980) since
with our edge-orientation task the random locations of
the elements provided a range of gradients. It could not
have been because the amount of perceived depth was
non-veridical (Tyler, 1991) because the edge orientation
task did not require veridicality. It could not have been
a problem at the level of the orientation judgement
because we demonstrated a similar breakdown in shape
perception when using a more primitive criterion, edge-
polarity.
In the motion domain, under the analogy that mo-
tion displacement (one view at two times) can be
equated with stereo disparity (two views at one time)
(Rogers & Graham, 1983), weak shape perception was
reported from the kinetic depth effect using dynamic
non-linear patterns (Landy, Dosher, Sperling &
Perkins, 1991). This input was found to have lower
spatial resolution and to be confined to the fovea. Our
stimulus manipulations demonstrate that our inability
to perceive stereo surface shape using purely non-linear
input cannot be due to either of these factors.
Our results have implications for future research
since they demonstrate that the generality of findings
across different types of stereo tasks may not necessar-
ily be assumed. Clearly both matching and non-match-
ing elements give depth in near:far tasks but the same is
not true for surface shape. Simply because a particular
aspect of a stimulus contributes to depth in a near:far
task does not necessarily guarantee that that same
component allows for shape perception (Ziegler &
Hess, 1997a).
We have given the concept of shape from non-linear
stereo every opportunity to prove itself. A large portion
of the parameter space was explored and we found no
evidence that non-linear stereopsis contributes to shape
perception. Now the onus should be on anyone who
claims shape from non-linear stereo to take into ac-
count the ways we have discussed that linear compo-
nents can masquerade as non-linear ones.
On the one hand, even in the unlikely event that a
particular stimulus condition were to be found that
implies second-order stereo shape perception, then it
would not represent the general case. On the other
hand, we did not find such a condition. Rather, we
have shown that even under the most favourable con-
texts, while one pair of non-matching elements provides
depth, many such elements do not form an interpolated
surface shape percept, as do their linear counterparts.
The strength of our comparison between seeing one or
two elements in depth and perceiving shape is that we
have used the identical elements in each task.
Why was depth perceived with no more than two
non-linear elements? Although we cannot be certain at
this time, we can suggest a number of possibilities. If
the near:far tasks were inherently more sensitive than
the surface shape tasks, then weak first-order corre-
spondence could be responsible, although this assumes
that the Fourier components are not the matching
primitives. Alternatively, a weak second-order signal
may also be indicated.
Another possibility is that attention was limited to a
fixed number of locations (whether these were defined
by the location of the contrast envelopes or more
primitive features such as edges). Indeed, it has been
reported that there is a limit to the number of simulta-
neously attended directions (Pylyshyn & Storm, 1988).
In the motion domain, a high level mechanism has been
proposed that is sensitive to the movement of these
attentional ‘pointers’ (Cavanagh, 1992) that may ex-
plain why motion perception does not require the
matching of first-order components between frames
(Cavanagh, Arguin & von Grunau, 1989). This reason-
ing may be extended by analogy to stereo to speculate
that depth could be provided by two pointers that are
simultaneously coupled.
Would a limit to the number of such attentional
pointers explain the two-depth limit we found? Al-
though it is difficult to say exactly what is the maxi-
mum number of available pointers, it has been reported
to be :4 (Pylyshyn & Storm, 1988; Yantis & Johnson,
1990; Pylyshyn, Burkell, Fisher, Sears, Schmidt &
Trick, 1994; Luck & Vogel, 1997). One might speculate
that when binocular views do not match, the pointers
are distributed equally among the disparate monocular
views, so that opposite view pairs can couple for depth.
Attentional pointers however are generally considered
high level and may be binocular.
Regardless of the reason for this limitation, our
results indicate a dissociation in stereo processing be-
tween the perception of depth and the direct perception
of surface shape. This general dichotomy for stereopsis
could encompass both the recent linear:non-linear divi-
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sion as well as earlier distinctions, such as those between
coarse and fine stereopsis (Ogle, 1952; Bishop & Henry,
1971; Tyler, 1991). The latter has lost some of its original
meaning since it was found that the fine:coarse boundary
depends not on the amount of disparity alone, but on
various stimulus attributes (Richards & Kaye, 1971; Burt
& Julesz, 1980; Schor & Wood, 1983). Our results are
consistent with one system providing shape for stimuli
only within Panum’s area. Indeed, we could not perceive
surface shape with linear elements that were diplopic.
Furthermore, our non-linear micropatterns never
matched, regardless of disparity, so they cannot be
associated with a Panum’s area. The second system is for
depth based on attended features that may be different
in each eye’s view. This system provides no shape, but
depth for elements that are either second-order, as shown
here, or first-order and diplopic (Ziegler & Hess, 1997b).
Such a dichotomy also corresponds to the different
ways binocular information is used. Stereo-shape recog-
nition provides the ability to identify an object when
other cues are unavailable or contradictory and is espe-
cially valuable to counter the effects of camouflage
(Julesz, 1971). On the other hand, the depth of one or
two objects, relative to where one is looking, is valuable
in its own right for actions such as vergence (Bishop &
Henry, 1971 Stevenson et al. 1994), locomotion (Roy,
Komatsu & Wurtz, 1992) and control of posture (Fox,
1990).
These two types of stereopsis could be associated with
separate processing by the neuroanatomically and neuro-
physiologically identified dorsal and ventral cortical
pathways (Ungeleider & Mishkin, 1982; Milner &
Goodale, 1995). The ‘what’ ventral pathway may be
associated with the identification of stereo-shape and the
‘where’ dorsal pathway with the depth of a limited
number of objects or features. Although both pathways
interact, as eye-movements can be important to perceiv-
ing surface shape (our discussion of Fig. 1(d); also Rogers
& Cagenello, 1989), such a division of stereopsis is
intuitively consistent with what one can experience with
these stimuli in terms of depth and its quality.
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